This paper describes design and implementation of an OFDM-based digital video broadcasting system test platform for multichannel ultra-high definition (UHD) broadcasting services. The developed digital video broadcasting system test platform has been installed in commercial broadcasting station, and trial broadcasting service of the system has been performed through the commercial in-service network. For the performance measurement, field test is also executed. To evaluate the practical performance of the implemented system, a commercial broadcasting set-top box is used. Furthermore, by using measurement receiver, various system performances have been evaluated such as BER, PER, and CNR. Because high efficiency video coding (HEVC) can successfully transmit multimedia contents with a raw data rate of 51.6 Mbps, a multichannel UHD service can be serviced in a single physical 6MHz channel.
Introduction
Recently various advanced broadcasting technologies have been investigated and developed [1] [2] [3] [4] . In the terrestrial broadcasting system, the transmission standards supporting 4K ultra-high definition (UHD) broadcasting service have been investigated and developed [5, 6] . Besides, for multichannel UHD broadcasting services, an orthogonal frequency division multiplexing-(OFDM-) based digital video broadcasting system was designed [7, 8] .
In this paper, an OFDM-based digital broadcasting transmission system was designed and implemented to support multichannel UHD service. First, the threshold of visibility of the designed system is evaluated in both additive white Gaussian noise (AWGN) and fading channel. And the evaluated threshold of visibility (ToV) performance of the designed system is compared to that of the existing digital broadcasting systems [9, 10] . After the ToV performance evaluation, for the implementation, field programmable gate arrays (FPGAs) were used. Furthermore, to evaluate the performance of the implemented transmission system, field trials were performed through the commercial in-service network [11] in Daejeon, Korea. In the field trials, the distance between the implemented transmitter and the measurement receiver was 27.1 km, and in the middle of the test route, an amplifier station was adopted. To check the smooth operation of the implemented system, a commercial set-top box (STB) was used.
In addition, to evaluate the performance, a spectrum analyzer and real-time transport stream analyzer were considered. The test results showed a smooth operation and superior performance of the implemented OFDM-based digital video broadcasting system transmitter.
The rest of this paper is organized as follows. Section 2 introduces the system model of the implemented system. Section 3 describes the hardware implementation and major system parameters. Section 4 describes the field test conditions. Test results are provided in Section 5. Finally, concluding remarks are given in Section 6. Figure 1 : OFDM-based digital video broadcasting system transmitter structure.
Implemented OFDM-Based Digital Video Broadcasting System Model
The implemented OFDM-based digital video broadcasting structure is depicted in Figure 1 . As shown in Figure 1 , the transmitter is composed of physical layer pipe (PLP) processing, a frame builder, and an OFDM generation block. A PLP is used as an independent logical channel. Each PLP processing block consists of a data input processing block, forward error-correction code (FEC) and bit interleaving block, and QAM mapping block. The FEC is composed of the Bose-Chaudhuri-Hocquenghem (BCH) outer code and low density parity check (LDPC) inner code. Whereas LDPC is a very powerful technique for correcting transmission errors, it produces an error floor condition. BCH can remove the error floor caused by the LDPC decoder of the receiver. FEC encoded bits are then mapped to quadrature amplitude modulation (QAM) symbols and are finally assigned to each subchannel for the OFDM symbol [7, 12] . Next, a data slicer generates one or more slices of data PLP. One data slice or a combination of multiple data slices generates a transmission frame. The transmission frame is transmitted through the inverse fast Fourier transform (IFFT) and digital-analog conversion (DAC) in an OFDM block to produce a radio frequency (RF) signal.
Finally, an L1 signaling block is transmitted into the preamble part of the frames for transmission information. This is related to the position of the data slice, which can be tuned to a data slice to be received at the receiver [7, 12] .
A receiver operating within a traditional 6 or 8 MHz TV tuner bandwidth can extract that part of the broad transmission signal that contains the desired service. This part consists of a data slice that never exceeds the traditional bandwidth of a receiver tuner [7, 12, 13] .
Hardware Implementation and
Major Parameters of OFDM-Based Digital Broadcasting System Figure 2 depicts the implemented OFDM-based digital broadcasting system with FEC encoder, modulator, and DAC
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Figure 2: Implementation of the OFDM-based digital video broadcasting system transmitter. Tables 1-3 show the use of the implemented transmitter. For a convenient implementation, we implement the board using the same FPGA. Table 4 shows the major system parameters of the implemented digital broadcasting system for 6MHz bandwidth [7, 14] . Among the parameters of Table 4 , to achieve multichannel UHD broadcasting services with 51.6Mbps, 1/64 guard interval (GI), 4096 QAM, and 9/10 coderate are selected for our field trial.
The system configuration and equipment setup are shown in Figure 3 . At the transmitting side, an MPEG-2 TS generator is used for generating the HEVC stream and is interfaced through DVB-ASI. In the broadcasting network, both optical fiber and coaxial network are used. Optical fiber is used from transmission station to entrance of the reception building, and the coaxial network is used for the in-building broadcasting cable. The broadcasting network is utilized by a multisystem operator (MSO) in Korea.
At the receiving end, the STB receives the downstream signals and interfaces with an UHD display, a monitoring PC, and a stream analyzer. The STB consists of a tuner, demodulator, and HEVC decoder. The tuner can support digital reception for digital TV standards.
Field Test Condition
To evaluate the performance of the implemented OFDMbased digital video broadcasting system transmitter, field trials are performed in a commercial in-service network environment. Figure 4 shows the field test bed for the implemented OFDM-based digital video broadcasting system. In the implemented system, a board-type FEC encoder and modulator are developed, which are controlled by a PC. The RF up-converter translates the IF frequency signal of 44 MHz into the desired RF channel. In this test, 225MHz is considered as RF center frequency.
The route used for the field trials is described in Figure 4 . The head-end is located at Seonhwa-dong, Jung-Gu, Daejeon, Korea. From this head-end, the downstream signals were transmitted to a laboratory in ETRI thorough Yuseong station which acts as an amplifier for boosting the signals. Figure 5 shows the configuration of the broadcasting network. The broadcasting network is connected to a head-end through fiber optics and the laboratory is approximately 27.1 km away from Seonhwa station. An Optical Network Unit (ONU) converts the optical signals into RF signals for the final distribution through a coax network. The network configuration of the filed trial is depicted in Figure 6 .
Performance Evaluation
ToV Performance Evaluation and Comparison.
To check the ToV of the designed system, BER performance is evaluated in both AWGN and fading channel environments. Furthermore, the evaluated performance of the designed system is compared to that of the existing digital broadcasting system. Table 5 shows the system parameter comparison between the existing transmission schemes [9, 10] and the implemented transmission scheme. The existing transmission method currently being used is based on a single carrier and can transmit a maximum of 38.8Mbps, while the implemented transmission method is based on a multicarrier and transmits a maximum above 51Mbps to provide a transmission rate that is improved by about 30%. In the case of [9] , 1024-QAM-based system has been designed and implemented for UHD cable TV. Furthermore, the data rate of the system of [9] is similar to that of the implemented system with 1024QAM. Therefore, in this subsection, the ToV performance between the designed scheme of [9] and the implemented system of this paper is compared. Figure 7 shows the BER performance of the designed digital video broadcasting system according to the modulation and coderate in AWGN channel. In the case of 1024QAM with 9/10 coderate, the transmission rate is 48.84Mbps and the ToV is about 29.35dB. Since the ToV of the system in [9] is 32.7dB, the performance of the designed system is about 3dB better than that of the system of [9] in the similar transmission condition. And the ToV of the 4096QAM with 9/10 coderate is about 35dB. Therefore, in the case of the designed system with 4096QAM and 9/10 coderate, if the SNR of the transmission channel is higher than that of 35dB, the multichannel UHD service can be successfully served. Figure 8 describes the BER performance in echo channel 1 of Table 6 [15] . In this fading channel, the ToVs of 4096QAM with 9/10 coderate and 1024QAM with 9/10 coderate are about 36.3dB and 30.7dB, respectively. The ToV performance of fading channel is about 1.5dB worse than that of AWGN channel, and because this fading channel model properly reflects the practical broadcasting network environment, higher SNR should be guaranteed than 36.3dB to serve multichannel UHD contents with 4096QAM in in-service broadcasting network.
Field Trial Results and Discussions.
As mentioned before, for accomplishment of a stream bitrate of 51.6 Mbps, the 4096 QAM and 9/10 LDPC code rate are considered. In our paper, the achieved stream bitrate of 51.6Mbps means data transmission rate without header and pilot symbols. Figure 9 shows the frequency response of the received broadcasting signal. The spectrum result describes that the center frequency is 225 MHz, and the measured input power of the analog-to-digital converter (ADC) is -27.48 dBm within 6 MHz channel bandwidth. Figure 10 shows the constellation of the received signal after equalization process. The data for the constellation was dumped and depicted in a monitoring PC connected to the receiver. As in the figure, the constellation of the equalized received signal shows clear QAM points. The received signaling information is checked by commercial received signal analyzer in Figure 3 . This commercial signal analyzer displays L1 signaling part 2 data and the FEC frame header as described in Figure 11 . All parameters are the same as shown in Table 4 . This means that the implemented FEC encoder and modulator work properly. The results of the field trials were used mainly to evaluate two aspects: the reception performance and the seamless stream reception status. To measure the reception performance, commercial STB is modified. From the modified STB, serial interface output data is gathered by monitoring PC. Figure 12 shows the measured carrier-to-noise ratio (C/N) and BER after the BCH decoder in a commercial STB. The value of the measured C/N is 40.25 dB. This value is superior to the required ToV (36.3 dB) as shown in Figure 8 . That is, analog parts such as RF upconverter and a digital logic block were properly developed. In addition, the measured BER was zero because of the superior C/N at the receiver. The receiver system configuration is shown in Figure 13 . As expected, the video stream is clearly played on UHDTV. Moreover, a seamless playback is achieved.
Furthermore to check the accomplishment of 51.6 Mbps stream bitrate, the bitrate of received signal is monitored by TS analyzer of Figure 3 . Figure 14 describes the results of TS 
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analyzer. As in the figure, the receiver can obtain constant 51.6Mbps from the developed system.
Conclusions
OFDM-based digital video broadcasting system transmitter was implemented with FPGAs for multichannel UHD services, and the implemented transmitter was tested over a commercial in-service broadcasting network. In addition, the performance of the implemented system was measured by a commercial STB and signal analyzer. The test results show that the implemented OFDM-based digital video broadcasting transmitter can achieve the 51.6Mbps transmission rate for multichannel UHD broadcasting services. In addition, various test results were described such as received signal spectrum, BER performance, and CNR of 4096QAM related to the performance and physical network status. These test results can provide basic information for OFDM-based digital video broadcasting technology in many countries and may lead to the development of a next-generation digital broadcasting system.
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